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S Y N O P S I S 
"DYNAMICS OF GAS-SOLID SEMI-FLUIDIZATION" 
The m e r i t s of s e m i - f l u i d i z a t i o n as compared to t h e packed 
bed and f l u i d i z e d bed ope ra t ions have been emphasized. Appl ica t ion 
of s e m i - f l u i d i z a t i o n technique in t h e f i e l d s of heat t r a n s f e r , 
mass t r a n s f e r and r e a c t i o n k i n e t i c s has been sugges ted . 
The t h e s i s has been p resen ted in four chap te r s : 
Chapter I : 
A d e t a i l e d l i t e r a t u r e survey of the prev ious i n v e s t i g a t i o n s 
in s e m i - f l u i d i z a t i o n r e l a t i n g to h e a t , mass and momentum t r a n s f e r 
s t u d i e s has been made. Future scope and o b j e c t i v e s of the p r e s e n t 
work have been unde r l i ned . 
Chapter II : 
A d e t a i l e d d e s c r i p t i o n of the experimental s e t - u p , the method 
o f c a l i b r a t i o n , t h e experimental p rocedure , s p e c i a l p r ecau t ions 
taken and the method of de te rmina t ion of sur face a rea of p a r t i c l e s 
has been given. Air at about 220 C has been used as the f l u i d i z i n g 
medium. 
The s e m i - f l u i d i z e r c o n s i s t s of a perspex tube of 4 . 5 cm. i . d . 
and about 57 cm. long , f i t t e d wi th an i n c l i n e d feeder and a movable 
top r e s t r a i n t . 
Al together 141 s e t s of runs have been t aken . Two s p h e r i c a l 
m a t e r i a l s v i z . mustard seed and sago of s i z e 14/20 BSS and four 
non-spherical mater ials l i k e , t ab le s a l t , sand, magnesite and 
ammonium sulphate of size 30/40 BSS, have been studied. In 
addit ion, four size ranges,20/30, 30/40, 40/52 and 52/60 BSS have 
been studied for tab le sa l t only. The lowest and highest dens i t ies 
of sol ids used are 1.12 and 2.80 gm./cm3 respect ive ly . 
Chapter I I I . 
Dynamics of semi-fluidization has been invest igated and a 
few correla t ions have been developed. 
A. Maximum semi-fluidization veloci ty -
From the experimental data , the following corre la t ion has 
been developed for the predict ion of the maximum semi-fluidizat ion 
veloci ty from a knowledge of the physical cha rac t e r i s t i c s of the 
f lu id and the sol id -
Based on the above equation, a nomograph is suggested for 
rapid estimation of the maximum semi-fluidizat ion veloci ty . 
B. Minimum semi-fluidization veloci ty -
The r a t i o of the minimum to the maximum semi-fluidizat ion 
veloci ty has been correlated to the system var iables as under -
A nomograph based on the above equation has also been t r i e d for 
the rapid predict ion of minimum semi-f luidizat ion ve loc i ty . 
C. Relationship between minimum semi-fluidization and 
minimum f lu id iza t ion veloci ty -
A re la t ionship between the minimum semi-fluidization and 
minimum f lu id iza t ion velocity has been attempted in terms of the 
system parameters as -
For spherical p a r t i c l e s , 
Chapter IV. 
Pressure drops across the semi-fluidized bed have been 
calculated by different theore t i ca l equations and have been compared 
with the experimental values. The following equations have been 
suggested in terms of the system variables for the predict ion of 
the exact value of the pressure drop from the calculated values: 
For spherical p a r t i c l e s , 
Nomenclature. 
References. 
Appendix. 
The development of the equation for the measurement of 
particle surface area has been given. A typical experimental 
run along with the sample calculations has also been given. 
I N T R O D U C T I O N 
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I N T R O D U C T I O N 
In many chemical plants we very often come across 
situations where a solid phase has to be kept in contact with a 
fluid phase, viz. drying, adsorption, solid catalysed reactions, 
heat transfer etc. In all these cases, the technique of fluid-solid 
contact is very essential and developments to increase the efficiency 
of contact are always welcome. 
Of the various two-phase contact operations, mention may be 
made about packed bed, fluidized bed (batch as well as continuous) 
and the semifluidized bed. In case of batch fluidization, if the 
free expansion of the bed is restricted by the introduction of a 
porous disc or sieve, the particles will be carried and adhere to 
the sieve resulting into the formation of a packed bed at the top. 
In other words, by the introduction of a restraint some of the 
particles are distributed to bottom section(which is in the 
fluidized state) and the rest to the top (which is in the form of 
a packed bed). This phenomena of solid-fluid contacting, comprising 
the features of both fixed and fluidized beds is termed in literature 
as "Semifluidized beds" . 
The semifluidization technique overcomes the disadvantages 
of fluidized beds viz. back-mixing of solids, attrition of 
particles and problems involving erosion of surfaces. At the same 
time certain inherent drawbacks of the packed bed, viz. non-
uniformity in bed temperature, channel flow and segregation of 
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solids are taken care of if the bed is fluidized, at least 
partially. 
Application of semi-fluidization technique in the field of 
reaction kinetics has already been initiated. This method is 
advantantageous for fast exothermic reactions such as vapour phase 
oxidation and chlorination of hydrocarbons etc. A semifluidized bed 
reactor can be operated with steep temperature gradients in one 
section and a uniform temperature in other section, with no elutri-
ation of solids and a low pressure drop. Use of this technique in 
studies relating to mass transfer have shown that the magnitudes of 
mass transfer coefficients can be controlled approximately linearly, 
and can be maintained within the limits of a completely fixed bed 
and fully fluidized bed by means of bed expansion alone. 
Thus semi-fluidization can be regarded as a compromise 
between the fixed and fluidized bed conditions wherein the particles 
can be distributed into two sections as desired by chosing the 
parameters like restraint position, fluid velocity etc. A glance into 
the literature reveals scanty, informations in this f i e l d ( e s p e c i a l l y 
in gas-solid semi-fluidization). Several aspects of this operation 
like the direct prediction of minimum and maximum semi-fluidization 
velocities, the pressure drop across the bed and developments 
leading to new processes based on this technique are yet to be 
explored. The system parameters governing the operation are to be 
synthesised to result into some working correlations. With this end 
in view, the present work has been taken up and restricted to 
gas-solid semi-fluidization. 
C H A P T E R - I 
L I T E R A T U R E S U R V E Y 
3 
LITERATURE SURVEY 
Semi-fluidization is a new and unique type of fluid-solid 
contact operation, which has been reported only in the last decade. 
Like the packed bed and fluidized bed operations, this is also a 
two-phase phenomena. A semi-fluidized bed is a compromise between the 
packed and fluidized bed conditions and has been achieved in a 
conventional fluidizer by incorporating certain modifications in the 
column design. 
In case of batch fluidization, if the free expansion of the 
bed is restricted by the introduction of a porous disc or sieve, then 
the particles will be carried upwards and a portion of it will adhere 
to the sieve, resulting in the formation of a packed bed at the top. 
The remaining materials of the system will form a fluidized bed 
below the layer of packed bed. Such a fluidized bed having restricted 
expansion comprises the features of both fixed and fluidized beds and 
is termed in literature as 'Semifluidized beds'. 
Fluidized bed technique as compared to fixed bed has specific 
advantages. These are : 
(i) the fluidized bed ensures uniform contact of the 
fluid with all the particle surfaces, 
(ii) it prevents segregation of solids because of the 
turbulence, 
(iii) the temperature variation is minimised i.e. local 
heat spots are avoided. 
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As against these the fluidized bed suffers from certain serious 
defects: 
(i) loss of driving potential for transport processes 
within the bed because of the intense back-mixing, 
(ii) attrition and elutriation of solid particles which 
necessitate costly dust recovery systems, 
(iii) non-availability of necessary free space above the bed, 
and 
(iv) erosion of the containing vessel. 
As a result, wholesale substitution of fixed bed processes by flui-
dized ones has not been feasible because of the above drawbacks. 
An answer to this problem is to use a semifluidized bed, which has 
been thought of in recent years. This can be regarded as a compromise 
between the fixed and the fluidized bed conditions wherein, the 
particles can be distributed into two sections as desired by choosing 
suitable parameters like restraint position, fluid velocity etc. 
Further, semi-fluidization offers greater flexibility of operation. 
By adjusting the position of the movable top restraint, the overall 
bed porosity may be varied. 
Semi-fluidization technique will have immense applications in 
various fields of chemical engineering in the near future. Its 
application in the field of reaction kinetics has already been , 
initiated . It is preferred in cases where a combination of back-
mix and tubular reactor(MT reactor) is used, especially, for fast 
exothermic reactions like the vapor phase oxidation and chlorination 
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of hydrocarbons. In exothermal reactions, an optimum performance 
may be obtained with an MT reactor, and depending on the prevailing 
conditions, a higher conversion would be obtained or a smaller 
residence time ( 3 ) . Moreover, a semi-fluidized bed reactor can be 
operated with steep temperature gradients in one section and an 
uniform temperature in the other section, with practically no 
elutriation of solids and low pressure drop. Use of this technique 
of semi-fluidization in mass transfer studies has shown that the 
magnitudes of mass transfer coefficients can be controlled approxi-
mately linearly, and can be maintained within the limits of a 
( 4) 
completely fixed bed and fully fluidized bed by bed expansion alone. 
A review of the existing literature on semi-fluidization has 
been made by Roy and Sarma.(16,17) In general, studies relating to 
various aspects of semi-fluidization can be broadly classified as 
under : 
(i) Momentum transfer studies 
(ii) Studies relating to mass transfer, heat transfer and 
reaction kinetics. 
MOMENTUM TRANSFER STUDIES: 
Investigations in the field of momentum transfer are relati-
vely more and various aspects of the semi-fluidization phenomena 
have been reported. The studies related to momentum transfer can 
further be subdivided into 
(i) studies oriented towards the prediction of the onset-and 
the maximum semi-fluidization velocities, 
(ii) studies oriented towards the prediction of packed bed 
formation, and 
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(iii) studies relating to the prediction of total pressure 
drop in a semifluidized bed. 
I. MINIMUM AND MAXIMUM SEMI-FLUIDIZATION VELOCITIES: 
(a) Minimum Semi-fluidization Velocity: 
( 4) Fan, Wen and Wang were the pioneer investigators in 
the field of semi-fluidization. They had initiated their work with 
studies on mass transfer. Later on they studied the mechanical and 
dynamical characteristics of semi-fluidized beds of single size 
particles both in liquid-solid(5)and gas-solid systems. Although 
no correlation was suggested for the direct prediction of the minimum 
semi-fluidization velocity, Fan et.al. commented that the velocity 
is dependent on the fluid and the particle characteristics, and also 
on the relative quantity of solid particles to the column size. 
also called 'bed expansion ratio in semi-fluidization' by other 
authors). When the minimum semi-fluidization velocity 
approaches the value of minimum fluidization velocity , and when 
the top restraint is kept at a much higher level as 
compared to the initial static bed, the value approaches the terminal 
velocity or the maximum semi-fluidization velocity. Thus the minimum 
semi-fluidization velocity has a value between the onset of flui-
dization and the maximum semi-fluidization velocity depending on the 
(6) 
value of which is again between 1 and zero. Both Fan et.el. 
and Babu Rao et.el. remarked that the velocity can be obtained 
directly from the total pressure drop vs mass velocity plot. 
Poddar and Dutt(10) suggested the following equation for the 
prediction of minimum semi-fluidization velocity in a liquid-solid system: 
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The value of Gos f has to be calculated by a t r i a l - and -e r ro r 
procedure. The basis of the above equation was stated to be the 
(25 ) 
expanded bed voidage function as proposed by Wen and Yu 
For l iqu id-so l id system, Roy and Sarma(18) have suggested an 
equation for the d i rec t predict ion of the minimum semi-fluidizat ion 
ve loc i ty , 
Based on the above equation, a nomograph has been suggested by the 
authors(22) 
(b) Maximum semi-fluidization velocity : 
It is the fluid velocity corresponding to which the entire 
solid particles are transfered to the top and give rise to a packed 
bed formation almost equal to the initial static bed. This velocity 
also corresponds to the terminal free fall velocity of the particles. 
There are three methods of estimating the maximum semi-fluidization 
velocity: 
(i) linear extrapolation of expanded bed voidage vs. 
fluid velocity curve to the value of 
(ii) extrapolation of vs. fluid velocity curve to 
the value of and 
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(iii) by calculation of terminal free fall velocity by one 
of the three methods, namely 
(a) application of laws of gravity settling in the 
appropriate ranges, 
For gas-solid system, Fan et.al(6) compared the maximum 
semi-fluidization velocity (obtained by extrapolation of vs. 
G plot to with the terminal free fall velocity of the 
particles. They have calculated the terminal settling velocity and 
have also determined it experimentally for all the particles. The 
values are given in Table l.A. 
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As can be seen from Table l.A the calculated values are lower 
than those obtained by extrapolation. The reasons attributed to 
this discrepancy are as follows: 
(i) The assumption of the fact that, the initial static bed 
porosity is equal to the packed bed porosity of a semifluidized bed 
is not correct. Moreover, the complete formation of packed bed at 
the top, is not achieved experimentally. Hence the velocity obtained 
by extrapolation of the curve to is higher. 
(ii) The size distribution of particles also affects the value 
of the maximum semi-fluidization velocity. Larger particles have 
higher terminal velocities, but the calculation is on the basis of 
the average particle size. So the calculated values will be smaller 
than the extrapolated ones which were evaluated when all the particles 
including the larger ones, were transported from the fluidized 
section to the packed section. 
(iii) It is well known that the fluid along the axis of the 
column moves faster than the fluid adjacent to the wall, and hence 
the particles near the wall may be falling downwards while the 
particles along the center line of the colum are still held in 
suspension. 
For liquid-solid semi-fluidization of spherical as well as 
non-spherical particles, Roy and Sarma(18), calculated the maximum 
semi-fluidization velocity by the application of the gravity 
settling law and compared this with the values obtained by (i) extra-
polation of the expanded bed voidage vs. fluid velocity plot to 
and (ii) extrapolation of vs. G curve to 
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Observations similar to that of Fan e t . e l , were also made by the 
authors. On the basis of t he i r experimental data , they have suggested 
an equation for the predict ion of the maximum semi-fluidization 
veloci ty from a knowledge of the physical proper t ies of the system 
only. The equation is 
Based on the above equation, a nomograph has also been suggested 
by the a u t h o r s ( 2 2 ) 
Poddar and Dutt(10) have given the following equation for the 
predict ion of the maximum semi-fluidization veloci ty in l i qu id - so l id 
system-
In a l a t e r work the authors t r i ed to corre la te the maximum 
semi-fluidization veloci ty as calculated above with the minimum 
f lu id iza t ion obtained from a generalised equation proposed by 
Wen and Yu(25), 
From equations (1.8) and (1.10) the f ina l r e la t ion between the 
minimum f lu id iza t ion and the maximum semi-fluidizat ion ve loc i t i e s 
(12) 
as derived by them i s , 
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I I . PREDICTION OF PACKED BED HEIGHT IN SEMI-FLUIDIZATION: 
Fan and coworkers(5) proposed an equation for the prediction 
of packed bed height from the maximum semi-fluidization velocity and 
the minimum fluidization velocity, for both gas-solid and liquid-
solid systems(5,6).The equation is -
i.e. when is plotted against log-
log graph, a straight line is obtained. In this case Gt values 
may be either calculated or obtained from extrapolation, and is 
to be calculated using Leva's equation -
In addition Fan and coworkers(5) suggested an all together 
different method for the prediction of packed bed formation. The 
following assumptions of Richardson and Zaki(15)were assumed to be 
valid. 
(i) The particles are uniformly distributed in the 
fluidized bed, 
(ii) The movement of particles in suspension is completely 
independent of other particles, and also under their own assumption 
that the formation of packed bed does not change the average particle 
distance in the"fluidizing section, and, 
(iii) The voidage of packed bed is constant and is equal 
to that of least dense static bed under resting conditions. 
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Based on the above considerations, they developed the 
following equations : 
For packed bed formation, 
The weight fraction ( X) of total solid distributed in the packed 
bed is given by -
The observed and calculated values of the packed bed formation 
tallied well upto a value of 
The equation proposed by Poddar and Dutta(11)for the 
formation of packed bed is -
Roy and Sarma (19) have introduced the minimum semi-fluidiza-
tion velocity term in place of the minimum fluidization velocity 
in equation (1.12) of Fan et. el. and developed an expression which 
may be written as -
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Another dimensional equation for the direct prediction of packed 
bed formation in liquid-solid system has been proposed by the 
same authors(20) as -
where, is in inches. 
An indirect relationship for packed bed formation was sugges-
ted by Sunkoori and Kaparthi(23).The ratio of the free surfaces 
during free and restricted fluidizations (semi-fluidization)was 
related with the fluid mass velocity and the particle size as, 
where, A is a function of which can be expressed in the form, 
A phase diagram showing the regions of restricted packed bed, 
fluidized bed and semi-fluidized bed was also presented by them by 
plotting the variation of bed height with fluid mass velocity. In 
addition,a plot of modified friction factor(fm) against particle 
Reynolds number (Rep) was suggested and the data were found to fit 
well for all the above cases. 
PREDICTION OF TOTAL PRESSURE DROP. 
Measurements of total pressure drop occuring in semi-fluidi-
zation have been first reported by Fan et. el.(6) and these measured 
values have been compared with those calculated from theoretical 

Fan and coworkers measured the pressure drop in fixed and fluidized 
beds separately and the total pressure drop was obtained using 
equation (1.22). This has been compared with the observed bed 
pressure drop and also with that calculated using equation (1.25). 
It can be seen that the experimental values are nearer to those 
calculated by using equation (1.22), whereas, equation (1.25) gave 
lower values. The authors explained the deviations as due to the 
difficulty in using equation (1.25) which involves the determination 
of packed and fluidised bed porosities accurately. Further, the 
assumption in equation (1.14), i.e. is not very accur-
ate, because the top bed is under compression due to the upward 
movement of the fluid. This results in the variation of packed bed 
porosity and Ergun's equation is too sensitive to this variation. 
Based on their experimental data for liquid-solid system, 
Roy and Sarma(21) have presented an equation of the following type 
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f o r t h e p r e d i c t i o n o f p r e s s u r e drop i n a s e m i - f l u i d i z e d bed : 
where C i s dependen t on t h e p h y s i c a l p r o p e r t i e s o f t h e s y s t e m . 
STUDIES ON HEAT TRANSFER, MASS TRANSFER AND REACTION KINETICS. 
( a ) Heat Transfer: 
The only heat transfer study made so far was reported by Rao 
and Kaparthi.(13) They have investigated wall-to-fluid heat transfer 
in semifluidized beds using air as the medium. An equation relating 
the heat transfer coefficient was suggested as, 
The voidage, as used in this equation refers to fluidization and 
this limits the applicability of such work. 
(b) Mass Transfer: 
Investigations in the field of semi-fluidization were started 
by Wen and coworkers(4) with mass transfer studies. Experiments 
were conducted with benzoic acid- water system in semifluidized beds. 
The mass transfer data were correleted in terms of Jd-factor and 
modified Reynolds number. The mass transfer coefficients were 
calculated on the basis of overall log mean driving forces for both 
packed and fluidized beds. The expression for benzoic acid-water 
system was -
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In order to determine the effect of bed expansion, the 
mass transfer coefficients, under approximately constant operating 
conditions, were plotted against the expansion ratios. A linear 
relationship was observed in all such cases. In summarising their 
work the authors made the following comments: 
(i) For a given fluid-flow rate a desired mass transfer 
coefficient can be selected by adjusting the top sieve plate. 
(ii) The values of mass transfer coefficient for semifluidized 
bed lie between the limits of fixed and fluidized bed values. 
(iii) For a given expansion ratio, the mass transfer coefficient 
was found to increase as the fluid flow rate is increased. 
In a recent communication Tripathi and coworkers(14) have 
presented results of studies of particle-to-fluid mass transfer in 
semifluidized beds with benzoic acid- , cinnamic acid- and 2-naphthol-
water systems.The following correlations have' been suggested for Jd 
factor in terms of particle Reynolds number : 
The authors concluded that the variation in the transfer rates is 
not only due to the difference in the diffusion coefficients of the 
solutes, but also due to the degree of compression of particles in 
the semifluidized state. 
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(c) Reaction Kinetics: 
Chole t te and Blanchet(3) have shown that a combination of 
mixed and tubular reactors (MT reactors) is very often more eff ic ient 
than ei ther of these reactors operated independently. This is 
special ly so in exothermal react ions where an optimum performance may 
be obtained with MT reac tors . The theore t i ca l advantage of the MT 
combination can be p rac t i ca l ly real ized in a simple reactor system 
u t i l i z i n g the pr inciple of semi-f luidizat ion. With t h i s end in view 
Babu Rao and Doraiswamy(1) i n i t i a t e d the i r work on the development 
of a semi-fluidized MT reac tor . Inc identa l ly , they conducted experi-
ments on gas-soild semi-f luidizat ion. The authors introduced a new 
dimensionless group called the semi-fluidization group ( S f ) , which 
along with Archimedes number (Ar) have been correlated against the 
r a t i o of semi-fluidization veloci ty to terminal ve loc i ty , 
From the foregoing discussions it can be seen that the 
technique of semi-fluidization is a developing and promising one. 
While a good amount of work have been reported on momentum transfer 
s tudies in l iqu id - so l id systems, scanty informations are avai lable 
on gas-solid semi-f luidizat ion. Some aspects of t h i s operation l i k e 
the d i rec t predict ion of minimum and maximum semi-f luidizat ion 
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velocities, determination of pressure drop across the bed and 
'i 
hence the power requirement to sustain such a bed, are yet to be 
explored. It can further be seen that all the system parameters have 
not been exhaustively studied by any author. In the field of heat 
transfer only one work is reported, whereas mass transfer operation 
has been restricted to a limited number of liquid-solid systems. 
Also development work for evolving newer processes based on this 
technique has to go a long way. It is practically a virgin field and 
the present work is a step forward to meet with this requirement. 
C H A P T E R - II 
E X P E R I M E N T A L A S P E C T S . 
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EXPERIMENTAL ASPECTS 
EXPERIMENTAL SET-UP 
The experimental set-up consists primarily of the following 
major components (fig. 2.1) : 
1. Air compressor 
2. Air accumulator 
3. Orifice meter with an orifice plate. 
4. Conical air distributor fitted with a 150 mesh stainless 
steel screen 
5. 45 mm. i.d. perspex tube of 57 cm. in length 
(semifluidizer) 
6. A movable restraint made of a porous brass plate and 
a brass screen of 80 mesh both soldered to a brass cone 
and rigidly fixed to a dia. mild steel rod 
extending to the top of the semi-fluidizer. By lowering 
or raising this rod, the restraint position can be varied. 
7. Pressure gauge. 
8. Quick opening valve. 
9. Manometer panel board. 
10. Supporting structure. 
Air compressor : 
It is a multi-stage water cooled air compressor of sufficient 
capacity. 
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Air accumulator : 
It is a horizontal cylinder used for storing the compressed 
air from compressor. There is one G.I. pipe inlet to the 
accumulator and one by-pass (1/2” G.I.) from one the end of the 
cylinder. The exit line is also of 1/2” G.I. pipe taken from the central 
'* 
part of the cylinder. The purpose of using an air accumulator in the 
line is to dampen the pressure fluctuations. The accumulator is also 
fitted with a pressure gauge. The operating pressure in the cylinder 
is kept at 20 psig. 
Orificemeter: 
The orificemeter is made of two flanges of 76 mm. O.d. fitted 
with four bolts of 8 mm. diameter. Inside the two flanges, there is 
an orifice plate of 6.-5 mm. bore. The plate is made of mild steel 
£ 
and one end of it is counter-sunked and the entrance is sharp-edged. 
The pressure tappings are made within the flanges. 
Pressure gauge: 
A pressure gauge of the range 1-50 psig is in the line 
after orificemeter . 
Quick opening valve : 
A quick opening valve of i.d. is attached next to the " 
pressure gauge for sudden release of line pressure. 
Air distributor : 
This is an important component of the experimental- set-up. 
It* consists of a cylindrical portion 
followed by a conical bottom. The cone angle is about 35-40 . The 
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larger end is of 45 mm. i.d. and the smaller end of 12 mm. i.d., 
the height of the cone being 6.5 cms. The cone is brazed with a 
G.I. flange of 11.4 cms. o.d. The central bore in the flange is 
also of 45 mm. diameter. The cone is made of ordinary G.I. sheet. 
The inside hollow space of the distributor is filled with 3 mm. dia 
speherical glass beads for uniform distribution of air. The beads 
are supported over a coarse screen at the bottom. 
Semifluidizer: 
The semofluidizer consists of a 4.5 cm. i.d. and 57 cm. 
length transparent perspex column, both ends being fixed to perspex 
flanges. All the flanges have 4 bolt holes' of 1/4" dia. and of thick-
ness 5/16" . Two pressure tappings are provided for noting the bed 
pressure drop. There is an inclined feeder of 1.9 cm i.d. fitted 
with a wooden stopper(air-tight), attached to one side of the column 
at a convenient height, so that the smooth movement of the top 
restraint (both upward and downward) is not affected. The grid is 
made of 150 mesh stainless steel screen and is placed rigidly in-
between the flanges. 
Movable restraint: 
This is the most important part of the semi-fluidization 
set-up in general, and the column, in particular. The success of the 
process depends on the suitable design of the restraint and its 
smooth movement along the inner wall of the column. At the same time 
care has to be taken to see that the restraint remains intact, 
making it completely air-tight (fig. 2.1). The hollow truncated cone 
is made of 1/32" thick brass sheet and to the lower end of it a brass 
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plate having 1/32" dia holes, is soldered. To this plate is 
attached another 80 mesh brass screen. In order to make the 
restraint air-tight, a thin strip of rubber is fixed to the 
periphery of the truncated brass cone. The movement to the cone 
assembly is given with the help of a mild steel rod of 3/16" o.d., 
held in position in between four thin mild steel rods soldered to 
the outside cone surface. A portion of the rod projects to the 
outside of the column, which can be operated to push the restraint 
up or down to any convenient position. The rod can be fixed with 
respect to a particular position of the movable restraint, by means 
of a clamp at the top of the column. 
Manometer panel board: 
Two sets of manometers are arranged in this panel board, one 
set being used for the orifice pressure drop and the other for the 
bed. Each set consists of two manometers, one of which uses carbon 
tetrachloride (coloured) as the manometric liquid and the other 
mercury. The former records pressure drop in the lower range, while 
the latter for the higher ranges. 
EXPERIMENTAL PROCEDURE : 
The orificementer is calibrated first with the help of 
standard dry gas meter. The calibration charts are given in figs. 
2.3(a and b) and 2.4 (a and b). Both volumetric and weight rate of 
flow of air have been plotted against the square root of the pressure 
drop with the help of the experimental data given in table 2.B1 and 
2.B2. Physical properties of the fluid used in the experiments is 
given in Table 2.A. 
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A particular sample of material is introduced in-to the 
column and the bed height is noted . The movable restraint is 
adjusted for a definite bed expansion ratio. The air inlet valve to 
the semifluidizer is operated slowly, thus allowing the material 
to fluidize and to expand more and more in the column. The orifice 
and bed pressure drops are noted simultaneously for each rate of 
flow of air. As soon as the expanded bed of particles touch the top 
movable restraint, semi-fluidization sets in and bed formation starts. 
The height of the packed bed formed and the corresponding pressure 
drop are noted from time to time. At the end of each run, the 
position of the movable restraint is altered for a new bed expansion 
ratio. Addition of further amount of material is done through the 
inclined feeder. Removal of the material and charging of a fresh 
sample are carried out by opening the column. The room temperature 
is noted to account for the ambient temperature of the fluidizing 
medium in each run. 
In order to determine the static and expanded bed porosities, 
a few experiments have been conducted. The static bed height and 
porosity were known by pouring a weighed amount of sample in the 
column. Later the same charge was fluidized and the bed expansions 
were noted for each flow rate, where from the expanded bed 
porisity is calculated. 
AIR PERMEABILITY APPARATUS FOR THE DETERMINATION OF SURFACE AREA. 
The determination of particle surface area is important, 
which is used for the calculation of the particle shape factor. 
The surface area of the particles has been determined by air 
permeability method. The apparatus is shown in fig. 2.2. It consists 
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of an air cylinder. A, fitted with a pressure gauge and a needle 
valve to regulate the air flow rate. Air from the cylinder A, is 
passed through activated carbon bed, B, silica gel tower, C, and 
particle bed, D. The particle bed is contained in a long and narrow 
glass cylinder made of 50 cc burette. The pressure drop across the 
bed is measured with manometer, E. The air flow rate is measured 
with the capillary flowmeter, F (Plate no. 3). 
Specific surface area per unit volume (Sv) is determined 
using Carman's pressure drop equation, 
DETERMINATION OF SURFACE AREA OF PARTICLES,. 
About 50 to 60 grams of dried sample are charged to the glass 
cylinder. The sample is tightly packed down by gently tapping the 
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sides of the cylinder until all large voids are eliminated 
and there is no further reduction in the bed volume. The bed height 
and the volume are recorded. Dry air is passed through the column 
and pressure drops across the bed (h1) and capillary flowmeter(h2 ) 
are noted. A few values of the pressure drops are recorded and an 
average pressure drop ratio is calculated. During the experiment, 
care is taken to maintain the bed height substantially constant. 
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DYNAMICS OF SEMI-FLUIDIZATION -I 
Semi-fluidization characteristics of a bed are dependent on 
the static and dynamic properties of the system. The static proper­
ties include: 
(a) Characteristics of solids like, particle size, particle 
density and sphericity, 
(b) Fluid characteristics like density and viscosity, 
(c) Equipment characteristics such as, the height, diameter 
and position of movable restraint. 
The dynamic properties include mainly, the velocity of the fluid 
stream. Data on materials used and their semi-fluidization 
characteristics are given in Tables 3.A to 3.C . 
A. MAXIMUM 'SEMI-FLUIDIZATION VELOCITY: 
This is the velocity of fluid 'corresponding to which the 
entire bed of solid particles is transferred upwards to form a packed 
bed below the top restraint. In actual experiments, very often it is 
not possible to transfer the entire material to the top. However,there 
are two methods for the prediction of the maximum semi-fluidization 
velocity from extrapolation of the experimental data. These are : 
i) extrapolation of value equal to unity from the plot 
of vs 
i i ) extrapolat ion of ε f vs. G curve to a value of ε f=1.0 
( f i g . 3.A 1 5 to 3 . A l 9 ) . 
The values of the maximum semi-f luidizat ion ve loci ty obtained by 
the above two methods are given in Table 3.D. 
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It is seen from Table 3.D that comparatively higher values 
of the maximum semi-fluidization velocity are obtained by extrapolation 
of vs. G curve. The reason is that the correct evaluation of the. 
expanded bed voidage is difficult and as a result, the observed 
values are always lower than the actual ones. This implies that fluid 
velocity lesser than the predicted value can be used for the complete 
transfer of the material to the top. 
Correlation : 
For the gas-solid systems under investigation, it has been 
found that the effects of the initial static bed height and the 
position of movable restraint on maximum semi-fluidization velocity 
were not appreciable (fig. 3.A1 - 3.A11). Similarly the effects of 
particle size and density on maximum semi-fluidization velocity for 
spherical and non-spherical particles are given in fig. 
It follows that the parameters of importance are the modified 
Reynolds number and the Archimedes number (Ar). The former 
takes into consideration the effect of velocity, whereas the latter 
contains terms involving the physical characteristics of the fluid 
and solid. The relation between the dimensionless groups can be written 
as -
In fig. number 3.A20, Re'msf has been plotted on a log-log paper 
(Table 3.% 
against Ar.(Table 3.E) All the data fitted well and a linear relationship is 
observed. The equation for this line can be written ass 
Writing the equation in terms of mass velocity, the maximum 
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semi-fluidization velocity can be given as : 
The values of calculated from the above equation has been 
found to be in good agreement with the experimental data, the 
percentage deviation for all the cases being within 13%, excepting 
for one case where it was about 23% . The individual deviations are 
given in Table 3.F . 
Nomograph : 
For r ap id e s t ima t ion of the maximum s e m i - f l u i d i z a t i o n v e l o c i t y , 
a nomograph based on equa t ion (3 .3 ) is g iven . ( F i g . 3 .A 2 1 r e p r e s e n t s 
t h e nomograph). The maximum d e v i a t i o n has been of the order of 9% 
from the exper imenta l va lues and 5% from the va lues c a l c u l a t e d by 
e q u a t i o n , as can be seen from Table 3.G . 
B. MINIMUM SEMI-FLUIDIZATION VELOCITY : 
I t i s the minimum f l u i d v e l o c i t y a t which t h e f i r s t p a r t i c l e 
of the bed touches the top r e s t r a i n t of the s e m i - f l u i d i z e r . In an 
a c t u a l experiment , i t i s not p o s s i b l e t o v i s u a l i z e t h i s s i t u a t i o n 
e x a c t l y . Hence the value of t h e minimum s e m i - f l u i d i z a t i o n v e l o c i t y 
is to be obta ined i n d i r e c t l y . When the p r e s s u r e drops across a 
bed is p l o t t e d aga ins t f l u i d mass v e l o c i t y on a l o g - l o g paper , two 
d i s t i n c t breaks are marked for the curve . These two p o i n t s 
cor responding to the change of s lopes i n d i c a t e the onse t of f l u i d i -
z a t i o n and the onset of s e m i - f l u i d i z a t i o n velocit ies 
in o rde r of occur rence . In the p r e s e n t c a s e , t h e v a l u e s of G o s f 
as ob ta ined from p l o t s of v s . G ( F i g s . 3.B1 - 3 . B 1 4 ) a re given 
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in Table 
An alternative method of obtaining the minimum semi-fluidization 
velocity is to use the expanded bed data. In the 
plots (Fig. 3.B15 - 3.B17),.the fluid velocity corresponding to 
represents the minimum semi-fluidization velocity. The 
values from expanded bed data, are given in Table 3.I. These values 
of minimum semi-fluidization velocity, when compared with the same 
obtained from vs. G plots, indicate higher values. This is 
because of the fact that an accurate measurement of expanded bed 
height in fluidized state presents considerable difficulty. 
Correlation : 
The parameters of importance for this case are: 
The relation between the group, 
and the other parameters can be written in the following 
manner: 
It has been observed in course of investigations that the static 
bed height has no appreciable effect on the onset of semi-fluidization 
velocity (Table 3.H1 and Fig. 3.B1 - 3.B5.) As a result, an average 
value of the semi-fluidization velocity (minimum) at a particular 
bed expansion ratio can be used irrespective of the static bed 
height (Table 3.H2). Also the column diameter has not been altered 
in the present study. The effect of group is, therefore, 
not relevant. Consequently,the expression( 3.4) reduces to -
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where A is a constant and a1 , a2 , a3 are respective exponents 
of the system variables. 
Effect of individual parameters : 
(i) Effect of 
Performance of a semi-fluidizer depends upon the wall-
effect i.e. _ ratio. From figure 3.B6 it follows that the 
minimum semi-fluidization velocity is higher in case of coarser 
particles and inorder to study this effect on. , a plot of 
against (Fig. 3.B18) has been "made on log-log paper. 
A straight line of slope 0.361 is obtained. This indicates that for 
higher value of the velocity ratio will increase. In other 
words, finer the particle size, higher will be the ratio of onset-to 
maximum semi-fluidization velocity for a particular semifluidizer. 
(ii) Effect of density ratio on 
Both buoyant and drag forces are responsible for upward 
particle movement and will depend on a number of variables including 
the density ratio. Since the uplifting of the particle is to be 
achieved by a fluid having a different density, the particle would 
undergo relative displacement during forward and backward motion. 
The extent of back-mixing, which is a function of particle density, 
affects the particle equilibrium and hence the velocity ratio. From 
vs. mass velocity plots(Fig. 3.B7 and 3.B8) it can be seen that 
higher the density of the material higher will be onset of semi-
fluidization velocity. In order to quantitatively study this effect, 
a plot of vs. is made on a log-log paper(Fig. 
3.B ). A straight line of slope -1.0 is obtained. It can be 
concluded that an increase in the density ratio will lead to a lower 
mass velocity ratio in case of semi-fluidization. 
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(iii) Effect of bed expansion ratio (R) on 
In case of semi-fluidization, the bed expansion 
ratio is of immense importance. The position of movable restraint 
in a semifluidizer will give quantitative idea regarding the upward 
lift of the particle by the fluid. The effect of bed expansion 
ratio has been shown in Figs. 3.B9 - 3.B14 wherefrom it can be 
concluded that with an increase in the bed expansion ratio, the 
onset velocity of semi-fluidization increases. Since for a particular 
fluid-solid system of fixed particle size, the maximum velocity of 
semi-fluidization remains constant, the velocity ratio, 
becomes a direct function of the bed expansion ratio. 
The effect has been studied by plotting against 
bed expansion ratio on a log-log paper (Fig. 3.B20). A straight line 
of slope 0.608 is obtained. This is a clear indication of the fact 
that, an increase in bed expansion ratio will increase the mass 
velocity ratio and in turn, the onset of semi-fluidization velocity. 
After substituting the exponents of the system variables, the 
correlation becomes, 
where, A is the coefficient and 3 is the exponent of the overall 
product (Prod.) which acts as a correlation factor for the exponents 
of the system variables. Hence, the equation -
is valid. The Tables 3.J to 3.L give the calculated values of the 
velocity ratio, the effect of individual parameters and the 
Product (Prod.). 
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The maximum deviation is of the order of 20% . The individual 
deviations are given in Table 3.M. 
As can be seen from Table 3.M and Fig. 3.B21 , the deviation is 
more in case of spherical particles. In the present work two sphe-
rical and four non-spherical materials have been investigated. It 
appears that the effect of sphericity is not very prominent, which 
however, has to be confirmed by further investigations. 
Nomograph : 
As in the case of maximum semi-fluidization velocity , a 
nomograph (Fig. 3.B22) based on equation(3.9)has been t r ied for 
rapid predict ion of minimum semi-fluidizat ion veloci ty. The magni-
tude of maximum deviation has been of the order of 7% from the 
experimental value and 2.5$ from the calculated value (equ.3.9) 
as can be seen from Table 3.N . 
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C DEVELOPMENT OF A CORRELATION FOR THE PREDICTION OF 
MINIMUM SEMI-FLUIDIZATION VELOCITY FROM MINIMUM 
FLUIDIZATION VELOCITY. 
The onset of fluidization and semi-fluidization are the two 
consequtive sequence of operations of the semi-fluidization pheno-
mena. There are many correlations for the direct prediction of 
minimum fluidization velocity from a knowledge of the fluid and solid 
properties. Hence the ratio of minimum semi-fluidization velocity to 
minimum fluidized velocity can be related to the various parameters 
of the system. An attempt has, therefore, been made to develop a 
correlation, so that the minimum semi-fluidization velocity can be 
predicted from a knowledge of the system variables. 
The onset of fluidization velocity can be calculated from 
Leva's(7) generalised equation, 
The values of the minimum fluidization velocity as calculated from 
the above equation along with the ratios of the onset of semi-
fluidization to the onset of fluidization velocities are given in 
Table 3.P 
The relationship between the above velocity ratio 
and the system parameters can be written as -
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The effect of the individual parameters can be seen from Table 
3.Q1 - 3.Q3 and by plotting the velocity ratio against the system 
variables on log-log papers the exponents of equation(3.11) are 
evaluated. After substitution of these exponents, equation (3.11) 
becomes, 
where, A is the coefficient and B is the exponent of the overall 
product (Prod.), which is the correlation factor for the exponents 
of the system variables. Hence the equation, 
is valid. 
The products have been calculated and presented in Table 3.R . 
In f i g . (3.G), the ra t io of is p lot ted on a log-log paper 
against the product 
different s t ra ight l i nes , one for the spherical and the other for 
the non-spherical pa r t i c l e s , have been obtained. For the non-spherical 
p a r t i c l e s , the slope of the l ine was 1.0 and for the spherical ones, 
it was 1.78. Accordingly equations for these l i nes can be wri t ten as, 
* 
For spherical p a r t i c l e s , 
The values of Gosf calculated from the above two equations have been 
found to be in good agreement with the experimental data . The indiv i -
dual deviations are given in Table 3.S and it is seen tha t , the sphe-
r i c a l materials show lesser deviations then the non-spherical ones. 
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DYNAMICS OF SEMI-FLUIDIZATION II 
PREDICTION OF PRESSURE DROP IN SEMI-FLUIDIZED BSD; 
The pressure drop of a semif luidized bed is the 
a lgeb ra i c sum of the pressure drop across the f l u i d i z e d sec t ion 
< 
and the packed section, as both are aligned in series in the 
direction of flow. While there is only one generaliged equation(7) 
namely, 
for the prediction of pressure drop across the fluidized bed,there 
are various correlations for the determination of packed bed 
pressure drop. A few important ones are -
(a) Kozney - Carman equation(24) 
135 
The value of 'n' and 'f' are to be determined by knowing the 
s t a t e of flow and referring to the standard plot of vs 
In the present case,the packed bed pressure drop has been 
calculated using each of the above three equations for two systems 
(one spherical and one non-spherical) and tabulated in Table 4.A . 
The t o t a l pressure drop for the semifluidized bed has been obtained 
by adding the packed bed pressure drop in each case with the 
f lu id ised bed pressure drop obtained from equation(4.1) and these 
are then compared with the experimental values in Table(4.B). 
It is found tha t , use of Kozney-Carman equation gives much lower 
value in a l l cases, whereas, the equation suggested by Leva gives 
a few values higher than the experimental and the res t lower. Some 
values of pressure drops as calculated by the Ergun's equation are 
quite comparable. Consequently, Ergun's equation has been taken as 
the basis for the calculation of packed bed pressure drop in a l l 
the subsequent computations. The use of Leva's equation although 
somewhat ju s t i f i ed , (because of i t s proximity to the experimental 
values) is not adopted, since, i t involves quan t i t i t s l ike modified 
f r i c t ion factor ( f ) and s ta te of flow factor (n ) , which are to 
be taken from char ts . It is d i f f i cu l t to read the exact values of 
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these quantities and any error committed here, would manifest 
itself in the form of wide deviation. Besides this,Leva has 
suggested different equations for packed bed pressure drop consi-
dering the effect of surface roughness(a quantity that can not he 
measured directly). As against all these, Ergun's equation is quite 
simple as it involves quantities which are directly measurable. 
Correlation : 
As has been reported earlier(5)and observed also in the 
present case, the porosity of the packed section presents difficulty 
for the calculation of overall pressure drop in the semifluidized 
bed. Available equations for packed bed pressure drops are quite 
sensitive to bed porosity variation. Also there are no direct ways 
of measuring the porosities of the fixed and the fluidized sections 
of the semi-fluidized bed simultaneously. This results in wide 
variation between the experimental and calculated values of pressure 
drops in a semi-fluidized bed. An attempt is made in the present 
work to give a correction factor in terms of system variables,which 
can be used for the prediction of pressure drop in the semi-
fluidized bed. 
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The expression can also be writ ten in the form of -
It is imperative that the correction factor should be related to 
the system parameters. The parameters of importance in th is case 
are : 
The relation can be written in the following manner -
where, A is a constant and a 1 , a 2 , a 3 , a 4 a n d a5 are 
respective exponents of the system variables. 
The effect of the individual parameters can be seen from 
Table 4.C . By plotting the correction factor against each of the 
system variable on log-log papers, the exponents of eqn. (4.8) are 
evaluated. After substitution of these exponents, eqn.(4.8)becomes, 
where A is the coefficient and B is the exponent of the overall 
product (Prod.) which is the correlation factor for the exponents 
of the system variables. Hence the equation, 
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The products have been calculated and presented in 
s t ra ight l i n e s , one for the non-spherical and the other for the 
spherical p a r t i c l e s , have been obtained. For the non-spherical 
p a r t i c l e s , the slope of the l i n e was 0.583 and for the spherical 
ones, it was 1.268 • Accordingly, equations for these two l ines 
can be wri t ten as -
The values of the pressure drop calculated by using the above 
correction factors have been found to be in good agreement with the 
experimental data. In case of non-spherical pa r t i c l e s most of the data 
l i e within the maximum deviation being of the order of 35-40% 
(for a few cases only). All the system variables have been exhaustively 
deal t with. As ggainst th i s the correlat ion for spherical pa r t i c l e s 
has l imi ta t ions in that only two materials have been studied. The 
maximum deviation in th i s case is as high as 50-60%. Evidently,some 
more invest igat ions with spherical pa r t i c l e s would be needed for 
making def in i te conclusion. 
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APPENDIX - B 
DETERMINATION OF SURFACE AREA OF SOLIDS BY AIR 
PERMEABILITY METHOD. 
Theory: 
The rate of flow of fluid through a bed of particles is a 
function of various factors such as voidage, the pressure drop 
across the bed, the viscosity of the fluid, area of the bed and 
specific surface of the particles. Kozney derived the following 
relationship between the velocity of the fluid through the bed of 
particles and other factors from the basic equation of flow of 
fluid through the empty tube, 
He assumed that the fluid flows through the bed in the form of 
channels and the total internal surface and total internal volume 
and equal to the particle surface and the pore volume respectively. 
The equivalent diameter, m' is defined as 
Thus for a bed of grannular particles, contained in the pipe of 
uniform cross section it can be shown that , 




